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Abstract
A relativistic quark model is applied to the description of semileptonic and non-leptonic
charmed decays of the B-meson. The exclusive semileptonic modes B ! D‘‘ and
B ! D‘‘ are described through the universal Isgur-Wise form factor, which is calcu-
lated in terms of a constituent quark model wave function for the B-meson. Dierent
approximations for the latter, either based on a phenomenological ansa¨tz or derived
from analyses of the meson spectra, are adopted. In particular, two wave functions,
constructed via the Hamiltonian light-front formalism using a relativized and a non-
relativistic constituent quark model, are considered, obtaining a link between standard
spectroscopic quark models and the B-meson decay physics. The inclusive semilep-
tonic and non-leptonic branching ratios are calculated within a convolution approach,
inspired by the partonic model and involving the same B-meson wave function used for
the evaluation of the exclusive semileptonic modes. Our results for the major branching
ratios are consistent with available experimental data and the sum of all the calculated
branching ratios turns out to be close to unity. In particular, we found that: i)
a remarkable fraction ( 35%) of semileptonic decay modes occur in non-D, non-D
nal states; ii) non-perturbative eects enhance the inclusive b! cud decay channels,
with a sizable contribution provided by internal decays into heavy mesons and baryon-
antibaryon pairs; the resulting reduction of the semileptonic branching ratio brings the
theoretical prediction in agreement with the experimental value without increasing at
the same time the charm counting.
aTo appear in Nuclear Physics B.
1 Introduction.
The investigation of semileptonic (SL) and non-leptonic (NL) decays of the B-meson can
provide relevant information on the fundamental parameters of the Standard Model of the
electroweak interaction and on the internal structure of hadrons. However, the extraction
of the Cabibbo-Kobayashi-Maskawa (CKM) [1] mixing parameters from the experiments
requires a precise knowledge of the transition form factors relevant in the matrix elements
of the weak hadronic current. In particular, the most accurate determination of the CKM
matrix element jVbcj is presently based on the value of the B ! D‘‘ transition form
factors near the point of zero recoil [2, 3, 4, 5], while the evaluation of the lepton spectra and
branching ratios requires the knowledge of the transition form factors in their full kinematical
range.
As far as the theoretical point of view is concerned, the Heavy Quark Eective Theory
(HQET ) [6] is widely recognized as a very powerful tool for investigating the decay modes
of heavy flavours and, recently [7], a model-independent framework has been developed for
the treatment of inclusive decays. The latter approach relies on the formalism of HQET
and on the use of the operator product expansion (OPE) in the physical region of time-like
momenta. Thus, the hypothesis of quark-hadron duality, in its global form for SL decays
and in the local one for NL processes, has to be invoked [8]. The concept of quark-hadron
duality, though it has not yet been derived from rst principles, is essential in the QCD
phenomenology and corresponds to the assumption that the sum over many hadronic nal
channels eliminates bound-state eects related to the specic structure of each individual
nal hadron. The validity of the global duality has been tested in inclusive hadronic 
decays [9], whereas the possibility of a failure of the local duality in inclusive NL processes
has been recently raised in Ref. [10]. It should be reminded that the model-independent
approach of Ref. [7] has other limitations, like, e.g., the need of a (at least partial) OPE
resummation in the end-point region of the predicted lepton spectrum. Moreover, though
the HQET provides a systematic expansion for organizing power corrections, it does not
help in calculating the relevant (non-perturbative) hadronic matrix elements. Therefore, the
use of the phenomenological constituent quark (CQ) model (see, e.g., [11, 12, 13]) for the
description of the non-perturbative aspects of the hadron structure could be still of interest.
In this respect, it is well known that the CQ model is remarkably successful in describing
the non-perturbative physics of hadron mass spectra; however, a successful model of hadrons
must go beyond the spectroscopy and should describe the internal structure of hadrons in
order to predict, e.g., transition form factors and decay rates.
In this paper non-perturbative QCD eects are mocked up by a CQ model wave func-
tion for the B-meson. The internal motion of the b-quark inside the B-mesonb is described
by a distribution function j(x; p?)2j2, which represents the probability to nd the b-quark
carrying a light-front (LF ) fraction x of the B-meson momentum and a transverse relative
momentum squared p2?  j~p?j
2. The branching ratios of all the major decay modes of the
B-meson are calculated in terms of the distribution j(x; p2?)j
2. Thus, a relevant feature
of our approach is that both exclusive and inclusive SL as well as NL decays modes are
coherently treated in terms of the same b-quark distribution in the B-meson. The sensitivity
of our predictions to various choices of (x; p2?), based on the phenomenological ansa¨tz of
Ref. [14] or derived from analyses of the meson spectra, is investigated. As to the latter
case, two wave functions, constructed via the Hamiltonian LF formalism using a relativized
bThe eects due to the bound-state structure have been rstly treated in Ref. [15] by attributing a Fermi
motion to the b-quark in the B-meson.
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[16] and a non-relativistic [17] CQ model, have been considered, obtaining a link between
standard spectroscopic quark models and the B-meson decay physics.
As it is well known, B-meson decays occur mainly through the CKM favored b! c
transition. The dominant diagrams are the so-called spectator diagrams depicted in Figs. 1
and 2. In SL decays (Fig. 1) the virtual W− boson materializes into a lepton pair, and the
c-quark and the spectator light antiquark hadronize independently of the leptonic current.
In case of the exclusive SL transitions B ! D‘‘ and B ! D‘‘ the limit of innite
heavy-quark masses is considered, so that all the relevant matrix elements can be expressed
in terms of a single universal function, the Isgur-Wise (IW ) form factor [18, 19, 20]. The
IW function is explicitly calculated using our CQ model wave functions of the B-meson.
As for the inclusive SL decays, our approach is similar to the deep inelastic scattering
(DIS) approach by Bjorken (see Refs. [21], [22] and [23]), which pictures the heavy-meson
decay as the decay of its partons. A relevant feature of our approach is that the SL width
is not represented as an expansion over the small parameter 1=mb, but it is related to a
convolution of the free-quark decay tensor over the b-quark distribution j(x; p2?)j
2. Though
this paper deals with calculations of branching ratios, we want to point out that within
our model-dependent approach both the lepton and nal hadron spectra can be predicted
in their whole kinematical accessible range. In this way our technique can be considered
complementary to model-independent heavy-flavour methods.
The LF partonic approach can be easily extended to the description of NL decays,
in which the virtual W− boson materializes into a ud (Fig. 2a) or cs (Fig. 2b) pairs; the
produced quark pair becomes one of the nal hadrons, while the c-quark couples with the
spectator light antiquark to form other hadrons. However, the spectator diagram is modied
by the exchange of hard gluons between initial and nal quark lines. Indeed, NL heavy-
flavour decays are described by the eective Lagrangian of Ref. [24], which contains both
colour-singlet and colour-octect four-fermion operators mixing under QCD renormalization
group equations. We will refer to the contributions of these two kind of operators as the
external and internal NL transitions, respectively, the latter being characterized by a dier-
ent set of quark pairing in the nal hadrons, as it is depicted in Fig. 3. The NL branching
ratios are estimated both adopting the so-called factorization approximation for the matrix
elements of the weak eective Lagrangian and neglecting the perturbative QCD corrections
specic for each given channel. Only the corrections due to hard-gluon exchange, yielding
the eective Lagrangian of Ref. [24], are taken into account (see also [15, 25, 26]). We stress
again that in our approach both SL and NL B-meson decays are described in terms of the
same (model-dependent) bound-state wave function of the B-meson, (x; p2?).
The plan of the paper is as follows. In Section 2 the CQ models adopted for the
description of the B-meson wave function are briefly presented and the IW form factor is
calculated. Section 3 contains the application of our approach to the evaluation of both
exclusive and inclusive SL B-meson decays. In Section 4 our treatment of external and
internal NL decays is presented. All the results for the branching ratios, calculated using
our CQ models of the B-meson wave function, are reported in Section 5. It is shown that an
overall reproduction of the available data can be achieved and the sum of all the calculated
branching ratios turns out to be very close to unity. Moreover, we found that: i) a
remarkable fraction ( 35%) of SL decay modes occur in non-D, non-D nal states; ii) non-
perturbative eects enhance the inclusive b! cud decay channels, with a sizable contribution
provided by decays into heavy mesons and baryon-antibaryon pairs; the resulting reduction of
the SL branching ratio brings the theoretical prediction in agreement with the experimental
value without increasing at the same time the charm counting (i.e., the number of charm
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quarks produced per b-quark decay). Finally, Section 6 contains our conclusions.
2 The Isgur-Wise function.
In the limit of innite heavy-quark masses all the relevant matrix elements of the flavour-
changing vector and axial-vector currents, V = (cγb) and A = (cγγ5b), are related to a
single form factor, the IW function (), which depends only on the product  of the four-
velocities of the initial and nal hadrons. The HQET allows to write the matrix elements
for pseudoscalar (PS) to PS and PS to vector (V ) meson transitions as follows (cf. [6])
< DjVjB >=
q
MBMD () (v + vD) (1)
< D; jVjB >=
q
MBMD () " v
 vD e
() (2)
< D; jAjB >=
q
MBMD () [e()(1 + )− vD(v  e())] (3)
where MB (Mj) and v (vj) are the mass and four-velocity of the initial (nal) heavy meson
(j = D;D) and e() is the polarization four-vector of the nal vector meson with helicity .
As is known, the dimensionless variable   v  vj is related to the four-momentum transfer
q = PB − Pj = MBv −Mjvj by  = (M2B + M
2
j − q




where j  Mj=MB. In the limit mb;c ! 1 the normalization of () is (1) = 1 and the
leading non-perturbative corrections are quadratic in 1=mb;c thanks to the Luke’s theorem
[27], which is the analog of the Ademollo-Gatto theorem [28] in case of the heavy-quark
symmetry.
In Ref. [29] the IW function has been calculated in the innite momentum frame
(IMF ). Choosing the z axis along the direction of the Lorentz boost, one denes the
















. Then, in terms of the IMF variables x and p2?
(where x is the fraction of the longitudinal B-meson momentum carried by the b-quark and


















where xsp  1− x, vsp is the four-velocity of the spectator quark and (x; p2?) is the heavy-
meson wave function. In refs. [29, 14] a simple exponential ansa¨tz has been considered,

























where 0  msp=MB, msp is the mass of the light spectator-quark, 0 is an adjustable

















2(1 + ) and K1;2 are modied Bessel functions.
A relativistic approach to the construction of CQ model wave functions of mesons is
provided by the Hamiltonian LF formalism [30], where the intrinsic wave function, satisfying
the correct transformation properties under LF boosts, has the following structure (see, e.g.,
Refs. [31, 32, 33])
ΨLF (~p?; x; ) =
vuuut M0
4x(1− x)




R(~p?; x; ; ) (7)









m2sp)=(1−x) and the momentum dependent quantity R(~p?; x; ) arises from the relativistic
composition of the quark-spin wave functions, with ;  = 1=2 being the spin projection
variables of the quarks. In Eq. (7) p2  p2? + p
2
n, where pn is the longitudinal momentum















The LF wave function (7) is eigenfunction of the mass operator M = M0 + V,
where V is a Poincare-invariant interaction term. As explained in Refs. [31, 32, 33], the
transformed mass operator RMRy can be identied with any semi-relativistic eective qq
Hamiltonian able to reproduce meson mass spectra. In this paper, for the latter we will
consider two choices. In the rst one, the radial wave function w(p2), appearing in Eq. (7),







w(p2)j00i = MPS w(p
2)j00i (8)











i is the canonical
quark-spin wave function, and VGI is the eective potential elaborated by Godfrey and Isgur
(GI) in Ref. [16]. The second choice is represented by the non-relativistic (NR) Hamiltonian






w(p2)j00i = MPS w(p
2)j00i (9)
where   mspmb=(msp+mb). Note that both the relativized VGI and the non-relativistic VNR
eective interactions are composed by a linear-conning part (dominant at large separations)
and an eective one-gluon-exchange (OGE) term (dominant at short separations), which is
responsible for the hyperne splitting of meson mass spectra.
Within the LF formalism the function (x; p2?) entering Eq. (4) can be written in
terms of the radial wave function w(p2) as (cf. also Ref. [33])
LF (x; p2?) =
vuuut M0
4x(1− x)





We also dene the distribution function F (x) as the probability of nding the b-quark car-














0 dx F (x) = 1. In what follows, we will refer to the phenomenological ansa¨tz ph (Eq.
(5)) as case A and to the LF wave functions LFGI and 
LF
NR, obtained from Eq. (10) using
the solutions of Eqs. (8) and (9), as cases B and C, respectively. The values adopted for
the constituent quark masses are collected in Table 1.
In Fig. 4 the b-quark distribution function F (x), calculated for the three cases A,
B and C, is shown. It can be seen that quite similar results are obtained using ph and
LFNR, whereas the wave function 
LF
GI , obtained from the relativized GI interaction, yields
a broader x-distribution with the location of the peak shifted to little bit higher values of
x. Such dierences are due to the larger content of high-momentum components, generated
by the OGE term of the GI interaction (see Refs. [31, 32]), and to the lower value of the
u (d) constituent quark mass (see Table 1). The results obtained for the IW form factor
(Eq. (6) in case A and Eq. (4) for cases B and C), multiplied by jVbcj = 0:0390 [5], are
plotted in Fig. 5 and compared with the experimental data of Refs. [34, 35, 36]. All the
three model wave functions yield a IW form factor which is consistent with measurements;
however, present experimental uncertainties are too large to allow a stringent test on the
model wave function. The calculated slope of the IW function, 2  −d()=dj=1, is: 1:13
(case A), 1:03 (case B) and 1:22 (case C).
3 Semileptonic decays.
In this section the formulae used for the calculation of both exclusive and inclusive SL
widths are reported. The main approximations involved are the use of the Heavy Quark
Symmetry (HQS) for the exclusive modes (see Eqs. (1-3)) and the partonic approximation
for the inclusive modes (see Refs. [14, 21, 22, 23]). Within our approach the SL width is not
represented as an expansion over the small parameter 1=mb, but it related to a convolution of
the free-quark decay tensor over our model-dependent b-quark distribution j(x; ~p2?)j
2. The
same bound-state wave function is used for both the exclusive and the inclusive channels.
Moreover, as it will be shown in the Section 4, our formulae for the SL decays can be easily
adapted to the calculation of NL modes, where non-perturbative bound-state eects might
play a dierent role.
3.1 Semileptonic decays B ! D‘‘ and B ! D‘‘.
The double-dierential decay width for the exclusive semileptonic process B ! j‘‘, where







L W j (12)
where q2 is the four-momentum squared of the dilepton system and E‘  p‘ v is the charged







(‘ γ(1− γ5) ‘) ( ‘ γ(1− γ5)‘)
= 2
h








and W j is the (reduced) hadronic tensor, which involves ve structure functions,
W j1 to












1 + v v W
j
2 − i"γ v
γ u W j3 +
(v u + u v) W
j
4 + u u W
j
5 (14)
where u  q=MB and J (h) is the charged weak hadronic current. Adopting the HQS limit
for the hadronic matrix elements (j; jJ (h) jB) (see Eqs. (1-3)), one gets
WD1 = 0 ; W
D









4D − (1− D)2
D
2()
WD3 = 0 ; W
D




















The integration over the lepton energy E‘ as well as the remaining trace of the leptonic
(13) and hadronic (14) tensors can be easily performed in the general case of non-vanishing








j (1 + ) (
2 − 1)1=2 F (j)() 2() (16)
where ‘ =
q





)=q2, with m‘ and m‘ being the lepton masses,
and
F (D)() = (1 + D)
2 ( − 1) (1 + 1) + 32 (1 + 
2





2 (1 + 5)− 8 D  ( − 1)
i
(1 + 1)−
32 (1 + 2) (1 + 
2
D − 2 D ) (17)
where Γ0  G2F jVbcj
2 M5B=64
3, 1 = + − 22− and 2 = + − 
2
−. In case of vanishing








D (1 + D)









2 − 1)1=2 (1 + ) h
(1− D)
2 (1 + 5)− 8D  ( − 1)
i
2() (18)
showing that the decay rate for the B ! D‘‘ transition is suppressed by an additional
kinematical factor  − 1 with respect to the decay into the D meson.
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3.2 Inclusive semileptonic decays.
In this subsection our technique adopted for the calculation of inclusive SL decay processes
is presented. Its main feature is the description of the decay rate in terms of the same b-
quark distribution function (x; p2?), introduced in the previous section, without any explicit
reference to a 1=mb expansion. Our approach to inclusive SL transitions can be considered
quite analogous to the Bjorken DIS approach (see Refs. [21, 22, 23]). As is well known (cf.








where MX is the invariant mass of the hadrons produced in the lower block of the diagram














with dn being the n-hadron phase space. The tensor W has a covariant decomposition
analogous to the one of Eq. (14), viz.
W = −g W1(t; s) + v v W2(t; s)− i"γ v
γ u W3(t; s) +
(v u + u v) W4(t; s) + u u W5(t; s) (21)




B have been in-
troduced. After integration over the lepton energy E‘ and considering non-vanishing lepton
masses, the dierential decay rate (19) becomes
dΓXc‘‘
dtds




(1 + 1) [2t W1(t; s) +
1
6
a2(t; s) W2(t; s)]
−t2 [4W1(t; s)−W2(t; s)− (1 + t− s) W4(t; s)]g (22)
where a(t; s)  2j~qj=MB =
q
(1 + t− s)2 − 4t.
To proceed further, we consider that the B-meson is a bound state of the decaying
b-quark and a light (anti)quark-spectator qsp (u or d). In the spirit of the partonic approach
















where the tensor L
(bc)
 , describing the b ! c W
− transition, is dened analogously to the
lepton tensor L of Eq. (13). In Eq. (23) the -function corresponds to the decay of a
b-quark with longitudinal momentum xPB and transverse momentum ~p? to a c-quark, and
yields two roots in x, viz.
[(pb − q)
2 −m2c ] =
1
M2B (x+ − x−)





0@1 + t− s




Moreover, in Eq. (23) the function (Ec) has been inserted for consistency with the use of a
CQ model wave function (x; p2?) for the b-quark distribution in the B-meson. As a matter
of fact (cf. Ref. [23]), the root x− is related to the contribution of the so-called Z-graph,
arising from the negative energy components of the c-quark propagator. The integration





















W5 = 0 (26)
where we have neglected the eects of the transverse momentum in the quark tensor L
(bc)
 .



















+ 3t (1− 2−)] (27)
The integration limits in (27) are related to the lepton mass m‘ and to the threshold value









; smax = (1−
p
t)2 (28)
The values of Mth used in our calculations will be specied in Section 5.
4 Non-leptonic decay modes.
In contrast to SL transitions, NL processes are complicated by the quark rearrangement
mechanism due to the exchange of both soft and hard gluons. The basic assumption in our
calculation of the NL amplitudes is that it is possible to separate the main contribution of
the soft gluons by incorporating all the long-distance QCD eects in the non-perturbative
CQ bound-state wave functions. It is well known [24, 15, 25, 26] that hard-gluon exchange
modies the weak forces driving NL heavy-flavour decays; at the mass scale  = MW the
weak Lagrangian is
LW ( = MW ) = −
4GFp
2








where we have ignored the b ! t coupling term. Radiative QCD corrections lead to an
eective Lagrangian at the mass scale  = mb [24]







C1(cLγbL)( dLγuL) + C2( dLγbL)(cLγuL)+




which contains both a colour-singlet, O1  (cLγbL)( dLγuL), and a colour-octet, O2 
( dLγbL)(cLγuL), four-fermion transition operators. The factors C1  C2 = C are the
Wilson coecients determined by renormalization group equations, which allows to move
from the mass scale  = MW to the lower scale  = mb. In the leading-log approximation
one has C = L
γ , where L = ln(MW=QCD)= ln(mb=QCD), with QCD being the QCD
scale, and γ+ = 6=(33− 2Nf) = −
γ−
2
. Including next-to-leading logarithmic corrections one
obtains C1 = 1:13 and C2 = −0:29 [24, 26], showing explicitly that the Wilson coecient
C2 is colour-suppressed (i.e., C2  1=Nc, where Nc is the number of colours). In Eq. (30)
the contributions of the so-called W -exchange and weak annihilation diagrams have been
neglected because they are not relevant for the transitions considered (cf. [37]).
In the next two subsections we will discuss separately the external NL decays, pro-
ceeding via the colour-singlet operator O1 (Fig. 2), and the internal NL decays related to
the colour-suppressed transition operator O2 (Fig. 3). The operators O1 and O2 mix each
other under QCD renormalization group equations and therefore the separation among the
external and internal diagrams is scale dependent. We point out that internal decays of the
B0−meson lead to nal hadron states dierent from those corresponding to external decays,
namely, the external decays of the B0 meson due to W− ! cs transitions lead to (cs) + ( dc)
nal states (like, e.g., D−s D
+), while in case of internal decays ( ds) + (cc) states (like, e.g.,
K0 + J= ) are produced. The same is valid for W− ! ud transitions, where the internal
decays lead to ( dd) + (uc) hadron states (like, e.g., 0 +D0), whereas the external ones lead
to (ud) + ( dc) states (like, e.g., − +D+)c.
4.1 External non-leptonic decays.
First, we discuss the amplitudes of the transitions to the continuum states Xud and Xcs in the
upper blocks of Fig. 2. The corresponding decay amplitudes are obtained from the rst term
in LeffW (Eq. (30)) in a way quite similar to the SL case. We use the zero-order approximation
in the 1=Nc expansion and neglect the radiative QCD corrections dierent from those already
included in the Wilson coecients C1;2. In this approximation all the amplitudes for the
decays B0 ! XudD+(D+), B0 ! XcsD+(D+), B0 ! Xud X dc and B
0 ! Xcs X dc are
proportional to the NL enhancement factor C1. We disregard the contribution of the second
term in Eq. (30), because it is proportional to the colour-suppressed coecient C2. With
these simplications the matrix elements of interest are of the same type as the ones found
in the analysis of SL decays in Sec. 3. The nal result reduces to replace in Eqs. (16) and
(27) the factor Γ0 with Nc C
2
1 Γ0 and also to consider in Eq. (13) the CQ masses instead of
the lepton masses.
In case of the production of a single meson (e.g. Ds, D

s , ...) in the upper block of Fig.
2 the corresponding amplitudes can be obtained from Eq. (12) by substituting the leptonic
current J ‘‘ =
‘γ(1 − γ5)‘ with JPS = fPS q and J
V
 = fV MV e, where fPS and fV
are the coupling constants of PS and V mesons to the W -boson, respectively, and q is the


















V (u u − g) i = V
(31)
cIn case of the B+ meson the internal decays due to W− ! ud transitions leads to exactly the same states
as the external decays. Nevertheless, we can safely disregard the interference term between the external and
internal amplitudes, which is expected to be very small because the total decay widths of the B0 and B+
mesons coincide with a good accuracy.
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Denoting by Γij the partial NL width, where the index i refers to a PS or V meson produced
in the upper blocks of the diagrams of Fig. 2 and the index j denotes a charmed, resonant
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2
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j ) 
























































i = V ; j = Xc (32)
where Rij = (1 − 2j )
2 − 2i [(1 − j)





complete list of the partial widths corresponding to external NL decays can be found in Ref.
[14].
4.2 Internal non-leptonic decays.
The graphs shown in Fig. 3 correspond to the so-called internal NL decays of the B-meson.
The upper block in Fig. 3(a) represents a hadron state formed by a c-quark resulting from
the b ! cW− transition and a u-quark resulting from the W− ! ud decay. In Fig. 3(b)
the W− ! cs decay leads to the production of a colourless cc state (c, J= or cc in the
continuum, Xcc) in the upper block and a strange hadron state (K, K
, X ds) in the lower
block. The graphs of Fig. 3 correspond to the second term in the V ZS Lagrangian (30)
and yield, after neglecting QCD corrections, the same factorized expressions already found
for the SL decays. The only dierence is that we have to replace C2 for C1 in Eq. (32)
and the factor Γ0 with Nc C
2
2 Γ0 in Eqs. (16) and (27). After these changes the rest of the
calculation is essentially the same as in the case of the external NL decays.
The diagrams shown in Fig. 6(a) describe the production of a coloured diquark cd
and anti-diquark (u d), while the similar graphs in Fig. 6(b) correspond to the production
of a cs diquark and a c d anti-diquark. After making a Fierz-like transformation in Eq. (30)
(exchanging the c and u quark elds) the V ZS Lagrangian can be written in the form




















LγbL)6 + (d; u)! (s; c)
o
(33)
This form suggests that diquarks can be produced in 3 and 3 colour states. The corresponding
decay amplitudes are proportional to the factor C−=3 ’ 0:47. When flying away, diquarks
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can pick up the light quark of a qq pair produced from the vacuum due to the connement
mechanism. As a result, a colourless charmed baryon (cd)q and a colourless charmless
antibaryon (u d)q are produced in the B-meson decay (with any number of nal mesons).
Such a mechanism for the production of baryon-antibaryon states has been rstly suggested
in Ref. [38]. The corresponding diagrams are shown in Fig. 6(a), while similar graphs,
corresponding to the decay B0 ! cs + c, are depicted in Fig. 6(b).
Instead of calculating many possible channels corresponding to the production of par-
ticles both in the upper and lower blocks, we have actually calculated the decay probability
for the production of a diquark and anti-diquark with the eective mass M =
p
q2 and M 0
larger than the mass of the corresponding baryon. The resulting decay widths are given by
Eqs. (27-28) with the replacements m‘ ! Mc (Mc) and Mth ! MN (Mc), obtaining in
this way our approximation for the calculation of the inclusive probability of production of
baryon-antibaryon states with any number of nal mesons.
5 Numerical results.
In what follows we will denote by Γij the partial width for the B-meson decays depicted in
Fig. 1 for the SL modes and in Figs. 2, 3 and 6 for the NL modes. The index i refers to the
lepton pair ‘‘ or to the hadron states produced in the upper block of the diagrams (; ; :::;
or charmless continuum Xud for the diagram 2(a), and Ds; D

s ; :::; Xcs for the diagram 2(b)),
while the index j denotes a charmed hadron state (D;D; Xc) produced in the lower blocks.
The partial width can be written in the form Γij = Γ0 ij , where ij is a dimensionless







2 = (4:27 0:44)  10−4 eV (34)
when the values jVbcj = 0:0390:002 [5] and MB = (5:2790:002) GeV [39] are considered.
Then, the total calculated width is given by ΓtotB = Γ0
P
ij ij , where the sum runs over all
decay modes of the B-meson. In our phenomenological approach the partial decay widths
depend on the following set of parameters:
i) the masses of the constituent quarks building up nal mesons and multi-hadrons
and the masses of pseudoscalar and vector heavy mesons; the former ones are listed in Table
1, while the latter have been taken from PDG [39];
ii) the coupling constants fPS and fV of the PS and V mesons to the W boson; in
units of GeV they are given by (cf. Ref. [14])
f = 0:13 fD = 0:17 fDs = 0:26 fc = 0:38
f = 0:20 fD = 0:20 fDs = 0:29 fJ= = 0:41 (35)
iii) the threshold values Mth at which the hadron continuum starts; in our calculations
we have adopted the following values (in units of GeV ):
(Mth)c d = 2:10 (Mth)cs = 2:26 (Mth)cc = 3:25
(Mth)du = 1:00 (Mth)ds = 1:06 (36)
for decays into mesons, and
(Mth)c d = 1:96 (Mth)cs = 1:65 (Mth)du = 0:45 (37)
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for the decays into baryon-antibaryon pair.
The evaluation of the partial widths Γij depend upon the form of the b-quark distri-
bution inside the B-meson and, in case of exclusive channels, they depend explicitly upon
the IW function (). As described in Section 2, we have used three dierent models for




NR, are xed by the choice
of the qq potential in Eqs. (8) and (9), respectively. The third one is the phenomenological
ansa¨tz of Eq. (5), where the parameters 0 = 1:0 and 0 = msp=MB = 0:05 have been xed
by tting the CLEO − II data [35] (see Fig. 5).
Using these parameters we have calculated the partial widths corresponding to SL
(exclusive and inclusive) and NL (external and internal) decay modes; our detailed re-
sults, given in terms of Γij=Γ0, are collected in Tables 2-7. First of all, we want to show
that our theoretical estimate of the total B-meson width, ΓtotB , is consistent with exper-
imental data. Indeed, from Tables 2-7 the sum of all the calculated partial widths Γij
yields: 0:981 Γ0 (A); 1:041 Γ0 (B) and 1:0779 Γ0 (C). Adding a contribution of ’ 3% due
to the charmless (direct b ! u and penguin b ! s) transitions [25], one gets: ΓtotB =
1:011 Γ0 (A); 1:071 Γ0 (B) and 1:107 Γ0 (C). At jVbcj = 0:039  0:002 [5], one has:
ΓtotB = (4:320:45) 10
−4 eV (A); (4:570:47) 10−4 eV (B) and (4:730:49) 10−4 eV (C).
Our predictions compare favourably with the experimental value (4:19 0:11)  10−4 eV ob-
tained from the updated world-average value of the B0-meson life-time,  B0 = 1:570:04 ps
[40].
A summary of our results for the major branching ratios, Brij  Γij=ΓtotB , is presented
in Tables 8-9 and compared with updated world-average data. Moreover, our results for the
inclusive B-meson branching ratios corresponding to the elementary transitions b ! c‘‘,
b ! ccs and b ! cud are collected in Table 10. Since the net eect of radiative QCD
corrections is expected to be of the same order of magnitude of the uncertainties related to
the choice of the B-meson wave function, in Tables 8-10 we have reported also the average
of our predictions for cases A, B and C with an assigned error given by the standard
deviation from the mean value. It can be seen that a remarkable overall agreement with the
data, including the inclusive branching ratio into charmed baryons and the so-called charm
counting (i.e., the number of charm quarks produced per b-quark decay), is achieved. A
throughout comparison of our results with those of other approaches is out of the scope of
this paper. We will limit ourselves to the following two comments.
1. In the parton model [25] the SL branching ratio BrSL  Br(B ! Xcee) is ’ 13%
and the charm counting nc is ’ 1:15. The inclusion of non-perturbative corrections
through the HQET expansion leads only to BrSL > 12:5% [41]. In Ref. [42] it has
been shown that higher-order radiative QCD corrections can increase the partial width
of the b ! ccs processes, decreasing in this way the SL branching ratio, but at the
price of increasing the charm counting (nc > 1:25); moreover, the result for BrSL
turns out to be signicantly scale-dependent [5]. Within our phenomenological quark
model the calculated SL branching ratio (BrSL ’ 11%) is in nice agreement with the
updated world-average value 10:90  0:46 [5]. At the same time, our prediction for
the charm counting (nc ’ 1:20) compares favourably with recent experimental results,
nexpc = 1:16  0:05 [43] and n
exp
c = 1:23  0:07 [44]. Moreover, our prediction for
the inclusive branching ratio due to the elementary b ! ccs transitions, is in accord
with experimental ndings (see Table 10). Therefore, our results imply that non-
perturbative eects, modeled by our B-meson wave function (x; p2?), can enhance
signicantly the inclusive b ! cud decay modes, leading to a sizable reduction of the
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SL branching ratio without increasing at the same time the charm counting. We point
out that a sizable fraction of such an enhancement is provided by internal NL decays
into heavy mesons and baryon-antibaryon pairs (see Table 7).
2. Our results for exclusive as well as inclusive SL branching ratios are in nice agreement
with updated experimental data (see Table 8). It follows that the exclusive SL decays
into D and D mesons account for  65% of the total SL branching ratio, leaving a
remarkable fraction of  35% to decays into non-D and non-D channels. This is at
variance with the result of the ISGW model of Ref. [11], which yield only a value of
 10% for the probability of non-D, non-D channels.
Before closing, we want to emphasize that the comparison among the electron spec-
trum calculated within our quark model and the ISGW one has been already carried out in
Ref. [45], where it has also been shown that our predicted spectrum is consistent with the
results obtained in Ref. [46] through a partial OPE resummation performed in the end-point
region.
6 Conclusions.
A relativistic quark model has been applied to the description of semileptonic and non-
leptonic charmed decays of the B-meson. Non-perturbative QCD eects have been mocked
up by a constituent quark wave function for the B-meson, describing the motion of the
b-quark inside the B-meson. Dierent approximations for the latter, either based on a phe-
nomenological ansa¨tz or derived from analyses of the meson spectra, have been adopted. In
particular, two wave functions, constructed via the Hamiltonian light-front formalism using
a relativized and a non-relativistic constituent quark model, have been considered, obtaining
a link between standard spectroscopic quark models and the B-meson decay physics.
As for the exclusive semileptonic decay processes B ! D‘‘ and B ! D‘‘, the
universal Isgur-Wise function and the semileptonic branching ratio (as well as the lepton
and hadron distributions in the nal states) can be calculated in terms of our model B-
meson wave function.
A partonic approach has been applied to the description of inclusive B-meson decays
to multi-hadrons. Within our approach both the spectra and the decay probabilities can
be expressed in terms of the same bound-state wave function used for the description of
exclusive semileptonic channels, without any explicit reference to a 1=mb expansion. The
main drawback of our approach is likely to be connected with the lack of the eects due to the
quark interaction in the nal hadronic states. Indeed, our distribution of produced hadron
masses has a maximum at the threshold value, i.e., just in the region where quark interaction
might be important. Moreover, radiative QCD corrections have been neglected; however,
they can be easily introduced using standard methods. Their net eect ( 10  20%) is
expected to be of the same order of magnitude of the uncertainties related to the choice of
the B-meson wave function.
The calculated sum of all the major branching ratios turns out to be close to unity.
A remarkable overall agreement with updated world-average data, including the inclusive
branching ratio into charmed baryons and the charm counting, has been achieved. In par-
ticular, we have found that non-perturbative eects can enhance the inclusive width corre-
sponding to elementary b ! cud transitions. In this respect an important contribution is
provided by internal non-leptonic decays into heavy mesons and baryon-antibaryon pairs.
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Correspondingly, the semileptonic branching ratio is brought in agreement with its experi-
mental value without increasing, at the same time, the charm counting. Finally, a remarkable
fraction ( 35%) of semileptonic decay modes have been found to occur in non-D, non-D
nal states.
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Table 1. Values of the constituent quark masses adopted for our models of the B-meson
wave function (x; p2?). Case A is the phenomenological wave function of Eq. (5). Cases B
and C correspond to the light-front wave functions LFGI and 
LF
NR (see Eq. (10)), derived via
the LF formalism from the relativized [16] (Eq. (8)) and the non-relativistic [17] (Eq. (9))
constituent quark models, respectively.
Case mu ms mc mb
A 0.265 0.560 1.400 5.279
B 0.220 0.419 1.628 4.977
C 0.337 0.576 1.835 5.237
Table 2. Partial widths Γij for semileptonic charmed decays of the B-meson in units of
Γ0 (see Eq. (34)). Cases A, B and C correspond to the parameter sets of Table 1. The
row labeled  correspond to the total semileptonic branching ratio calculated for each nal
lepton pair.
j n i e  
A B C A B C A B C
D 1.83 2.07 1.69 1.82 2.06 1.69 0.56 0.59 0.53
D 5.54 5.98 5.26 5.52 5.96 5.24 1.39 1.45 1.34
Xc 3.10 3.99 5.88 3.08 3.97 5.84 0.36 0.47 0.75
 10.47 12.04 12.83 10.42 11.99 12.77 2.31 2.51 2.62
Table 3. Partial widths for the non-leptonic charmed decays of the B0-meson corresponding
to the external transition W− ! ud (see Fig. 2(a)), in units of Γ0. The notations are the
same as in Table 2.
j n i − − X−ud
A B C A B C A B C
D+ 0.40 0.49 0.36 0.90 1.08 0.82 5.96 6.67 5.34
D+ 0.42 0.49 0.38 1.08 1.25 0.99 19.43 20.87 18.51
X+c 0.75 0.92 1.26 1.73 2.15 2.96 9.53 12.36 17.93
 1.57 1.90 2.00 3.71 4.48 4.77 34.92 39.90 41.78
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Table 4. The same as in Table 3, but for the external W− ! cs transition (see Fig. 2(b)).





A B C A B C A B C
D+ 1.55 1.75 1.13 1.28 1.43 1.19 2.42 2.25 2.32
D+ 1.09 1.20 1.02 3.35 3.66 3.15 6.66 5.71 6.46
X+cd 1.29 1.63 2.44 2.28 3.03 4.58 1.58 1.62 1.18
 3.93 4.58 4.59 6.91 8.12 8.92 10.66 9.58 9.96
Table 5. Partial widths for the internal NL charmed decays of the B0-meson corresponding
to the transition W− ! ud (see Fig. 3(a)), in units of Γ0.
D0 D0 Xuc
A B C A B C A B C
0 < 0:01 < 0:01 < 0:01 < 0:01 < 0:01 < 0:01 < 0:01 < 0:01 < 0:01
0 0.01 0.01 0.01 0.02 0.02 0.01 0.62 0.62 0.43
X0dd 0.15 0.13 0.16 0.31 0.28 0.34 1.40 0.98 0.98
 0.16 0.14 0.17 0.33 0.30 0.35 2.02 1.60 1.41




A B C A B C A B C
K0 0.02 0.02 0.01 0.01 0.02 0.01 0.06 0.06 0.03
K0 0.05 0.06 0.05 0.14 0.15 0.12 0.39 0.31 0.12
X0ds 0.32 0.25 0.34 0.56 0.44 0.60 0.29 0.12 0.04
 0.39 0.33 0.40 0.71 0.61 0.73 0.74 0.49 0.19
Table 7. Values of the inclusive partial widths for the B0 ! Nc+X and B0 ! csc+X
decays (see Fig. 6), in units of Γ0.
B0 ! Nc +X
A B C
6.80 4.51 3.86
B0 ! csc +X
A B C
2.09 1.00 0.31




Table 8. B-meson branching ratios (Brij  Γij=ΓtotB given in %) calculated for exclusive
and inclusive semileptonic charmed decays of the B-meson.
Decay Mode A B C average Exp. data
Br(B ! Xc‘‘) 10.35 11.24 11.59 11:06 0:64 10:90 0:46 [5]
Br(B ! Xc ) 2.28 2.34 2.37 2:33 0:05 2:60 0:32 [4]
Br(B ! Dee) 1.81 1.93 1.53 1:76 0:21 1:75 0:43 [39]
Br(B ! Dee) 5.48 5.58 4.75 5:27 0:45 4:93 0:42 [39]
Table 9. The same as in Table 8, but for various exclusive non-leptonic charmed decays of
the B-meson.
Decay Mode A B C average Exp. data
Br( B0 ! D+−) 0.40 0.46 0.34 0:40 0:07 0:31 0:04 [40]
Br( B0 ! D+−) 0.89 1.01 0.74 0:88 0:14 0:84 0:17 [40]
Br( B0 ! D+−) 0.41 0.46 0.34 0:40 0:05 0:28 0:04 [40]
Br( B0 ! D+−) 1.07 1.17 0.89 1:04 0:14 0:73 0:15 [40]
Br( B0 ! D+D−s ) 1.53 1.63 1.02 1:39 0:33 0:74 0:28 [40]
Br( B0 ! D+D−s ) 1.27 1.33 1.08 1:23 0:13 1:14 0:50 [40]
Br( B0 ! D+D−s ) 1.08 1.12 0.92 1:04 0:11 0:94 0:33 [40]
Br( B0 ! D+D−s ) 3.31 3.42 2.85 3:19 0:30 2:00 0:64 [40]
Br(B ! charmed baryons) 8.79 5.15 3.77 5:9 2:6 6:4 1:1 [39]
7:1 1:6 [40]
charm counting 1.22 1.20 1.20 1:20 0:01 1:16 0:05 [43]
1:23 0:07 [44]
Table 10. Inclusive B-meson branching ratios (Brij  Γij=ΓtotB given in %) corresponding
to the elementary transitions b! c‘‘, b! ccs and b! cud.
Decay Mode A B C average exp. data
Br(b! c‘‘) 22.9 24.8 25.5 24:4 1:3 23:08 1:46 [47]
Br(b! ccs) 25.1 23.1 22.7 23:6 1:3 23:9 3:8 [40]
Br(b! cud) 49.0 49.3 49.1 49:1 0:2
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